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E-mail address: Frank.Waller@uni-wuerzburg.de (Sphingolipids are important membrane components and also regulate cell proliferation and apop-
tosis. We detected a fast increase of the free sphingobase t18:0 (phytosphinganine) in Arabidopsis
leaves after inoculation with an avirulent strain of the bacterial pathogen Pseudomonas syringae
pathovar tomato, characterized by host cell death reactions. The induction of phytosphinganine
was more transient in virulent interactions lacking cell death reactions, suggesting a positive role
of t18:0 in the plants’ response to pathogens, e.g. the hypersensitive response. In the mutant
sphingobase hydroxylase 1 (sbh1-1), Pseudomonas induced elevated free d18:0 levels. As total t18:0
contents (after hydrolysis of ceramides) were not reduced in sbh1-1, the pathogen-triggered t18:0
increase most likely results from de novo synthesis from d18:0 which would require SBH1.
 2010 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Sphingolipids (SPLs) are a diverse group of lipids present in all
eukaryotes. Their majority form amphiphilic conjugates, composed
of a polar headgroup linked to a relatively large hydrophobic moi-
ety, known as ceramide, which is composed of an N-acylated
sphingoid or long-chain base (LCB) and a fatty acid [1,2]. Sphingo-
lipids are essential components of cellular membranes, but have
also been shown in yeast and other organisms to regulate stress re-
sponses, cell proliferation and apoptosis [3–5]. In plants, the sphin-
golipid proﬁle has been determined for several species including
the model plant Arabidopsis thaliana [6–10], and genes coding for
enzymes of sphingolipid biosynthesis have been cloned suggesting
a basic conservation, e.g. between yeast and plants [11–14].
Several lines of evidence support a role of sphingolipids in
regulating programmed cell death (PCD) in plants: mutations
in A. thaliana disrupting speciﬁc steps of sphingolipid metabo-
lism show strong cell-death-related phenotypes, e.g. accelerated
cell death 11 (acd11) [15], acd5 [16], fumonisin B1 resistant 11-1
(fbr11-1) which fails to generate reactive oxygen intermediates
[17], or fbr11-2 and sbh1/sbh2, which have a severe growth phe-
notype and enhanced expression of PCD-associated genes
[18,19]. Necrotrophic fungi utilize toxins interfering with sphin-chemical Societies. Published by E
F. Waller).golipid metabolism of the host plant, e.g. Fusarium moniliforme
producing Fumonisin B1 (FB1) and Alternaria alternata lycopersici
(AAL) toxin. These toxins are virulence factors and cause apopto-
tic cell death in various plant species [20–23]. FB1 competitively
binds to the enzyme ceramide synthase, thereby causing signiﬁ-
cant perturbations in sphingolipid levels in the plant, speciﬁcally,
an increase of the free sphingobases sphinganine (d18:0) and
phytosphingosine (t18:0) [17,24].
On the other hand, PCD at the site of infection is also an effec-
tive strategy of plants to defend themselves against pathogenic
microorganisms which depend on living host tissue during infec-
tion [25–27]. While virulent strains of pathogens are able to sup-
press effector-triggered immunity (ETI) of host plants, avirulent
interactions, e.g. during the interaction of an avirulent strain of
the bacterial pathogen Pseudomonas syringae pv. tomato (Pst) with
A. thaliana, typically lead to a localized cell death reaction termed
hypersensitive response (HR) [28–30].
We reasoned that the regulation of speciﬁc plant sphingoli-
pids might also be crucial for the outcome of hemibiotrophic
plant–pathogen interactions and could be involved in plant path-
ogen defence processes. We therefore employed a sphingolipido-
mic proﬁling approach using ultra high performance liquid
chromatography coupled with tandem mass spectrometry
(UPLC–MS/MS) and quantiﬁed sphingolipid species during de-
fence reactions of A. thaliana after infection with virulent and
avirulent strains of Pst.lsevier B.V. All rights reserved.
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2.1. Plant material and pathogen strains
All A. thaliana plants were in the Col-0 background. The
sphingobase hydroxylase mutant (sbh1-1) was kindly provided
by M. Chen and E. Cahoon [19]. For pathogen treatment, the viru-
lent strain P. syringae pathovar tomato DC3000 and the avirulent
strain carrying avrRpm1 were used. Growth conditions, chemicals
and plant treatments are detailed in Supplementary Material and
methods.
2.2. Analysis of sphingolipids
Single phase extraction and measurement of free sphingolipids
were carried out essentially as described [31–33]. Analysis of
sphingolipids was performed using UPLC–MS/MS. To assess the to-
tal content of long chain bases in a sample, alkaline hydrolysis was
performed, followed by HPLC-ﬂuorescent detection after derivati-
zation [6]. For detailed information see Supplementary Material
and methods.
SPL nomenclature was used as described in [6]: For example,
the LCB phytosphingosine ((2S,3S,4R)-2-aminooctadecane-1,3,4-
triol) is abbreviated t18:0, with the ﬁrst character identifying the
number of hydroxyl-groups (d: di-hydroxy, t: tri-hydroxy), the ﬁrst
digit describing the carbon-chain length and the second digit the
degree of unsaturation. Analogous nomenclature is used for the
acyl-chain in complex SPLs.
3. Results
3.1. Phytosphingosine (t18:0) levels are transiently upregulated in
effector-triggered immunity of A. thaliana after infection with P.
syringae
We analyzed both the major free sphingobases as well as major
ceramides, as identiﬁed in [33], in A. thaliana leaves inﬁltrated with
avirulent P. syringae pv. tomato DC3000 (Pst (avrRpm1)), virulent P.
syringae pv. tomato DC3000 (Pst) or with buffer (control) from 0 to
24 hpi. Among the 26 ceramide species analyzed, we determined
that levels of most species remained unchanged, with some
changes detectable for t18:0-c16:0, t18:1-c22:0, t18:0-c22:0,
t18:1-c24:0, t18:0-c24:0 and t18:1-c26:0 after inﬁltration with
Pst (avrRpm1) (Supplementary Fig. 1). Also, levels of 14 different
t18:0- and t18:1-hydroxyceramides were analyzed (Supplemen-0 5 10 15 20 25
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Fig. 1. Time course analysis of free sphingobase t18:0 (phytosphinganine) levels in
Arabidopsis thaliana leaves after different treatments. Leaves were inﬁltrated with
avirulent Pseudomonas syringae pv. tomato DC3000 avrRpm1 (Pst (avrRpm1)),
virulent P. syringae pv. tomato DC3000 (Pst), or 10 mM MgSO4 (control), respec-
tively, or were wounded using forceps (wounding). hpi: hours post infection. t18:0
levels are given in nmol/g dry weight. Values are means of three biological samples
with error bars representing standard deviations.tary Fig. 2) and showed no strong regulation upon inﬁltration with
Pst (avrRpm1). In our further experiments, we therefore concen-
trated on levels of major free sphingobases (long-chain bases,
LCBs). Among these, infection with avirulent bacteria (Pst
(avrRpm1)) increased t18:0 levels in A. thaliana leaves 2–3-fold
2 h post infection (hpi) (Fig. 1). Virulent bacteria (Pst) induced a
similar increase, but downregulation was much faster, returning
to basal levels already at 5 hpi. We consistently observed a faster
and stronger downregulation of t18:0 levels in virulent interac-
tions 5 hpi compared to avirulent interactions. This was also the
case for respective avirulent and virulent strains of P. syringae pv.
maculicola (data not shown). Analysis of sphingolipid levels in Pst
grown in medium revealed that bacteria contributed to less than
0.1% of the measured respective sphingobase species detected in
infected leaves (data not shown). Inﬁltration of leaves with buffer
alone led to a minor, non-signiﬁcant increase of t18:0, comparable
to the effect caused by mechanical wounding (Fig. 1).
3.2. Sphingobase hydroxylase 1 (SBH1) is required for P. syringae-
induced t18:0 upregulation
t18:0 was transiently upregulated by P. syringae infection 2 hpi
in wild type plants. To determine if this t18:0 increase is due to de
novo synthesis from dihydrosphinganine (d18:0), we analyzed
sphingobase hydroxylase 1-1 (sbh1-1) mutant plants lacking a func-
tional enzyme converting d18:0 to t18:0 (Supplementary Fig. 3). In
these plants basal levels of d18:0 were elevated, while t18:0 levels
remained low (Fig. 2). After infection with avirulent Pst, no sub-
stantial upregulation of t18:0 was observed. Instead, d18:0 levels
were transiently upregulated at 2 hpi (Fig. 2a). Similar to t18:0 lev-
els in wild type plants, d18:0 levels in sbh1-1 remained high after
inﬁltration with avirulent Pst (avrRpm1)-kursiv and were more
transient after inﬁltration with virulent Pst (Fig. 2b). Control treat-
ment led to non-signiﬁcant changes of d18:0 in sbh1-1, as was the
case for t18:0 in wild type plants (Fig. 2c).
Analysis of the total content of sphingobases after alkaline
hydrolysis revealed that no signiﬁcant changes occurred in A. tha-
liana leaves in response to inﬁltration with Pst (avrRpm1) (Fig. 3).
Compared to wild type plants (Fig. 3a), levels of d18:0 and d18:1
in the sbh1-1 mutant were signiﬁcantly elevated, while total
t18:0 and t18:1 contents were about 30% lower (Fig. 3b).4. Discussion
We show here that leaf inﬁltration with virulent and avirulent
strains of the bacterial pathogen P. syringae pv. tomato DC3000
(Pst) induced a fast increase of free sphingobase t18:0 (phytosphin-
gosine) levels in A. thaliana leaves 2 hpi. The avirulent interaction
led to long-lasting elevated t18:0 levels until 24 hpi, while in the
virulent interaction, the increase of t18:0 levels was more tran-
sient, with a return to basal levels at 5 hpi (Fig. 1). AvrRpm1-depen-
dent recognition of Pst in A. thaliana leads to a pronounced cell
death reaction (hypersensitive response, HR) reducing bacterial
spread in the host tissue [34–37]. The speciﬁcally higher levels of
t18:0 during ETI between 5 and 24 hpi could therefore indicate a
positive role of this compound in pathogen resistance, e.g. as a po-
sitive regulator of HR. The HR involves production of reactive oxy-
gen species (ROS), and artiﬁcially elevated free sphingobase levels
were shown to lead to ROS production within 6 h, with subsequent
macroscopically visible cell death in A. thaliana leaves within
24 hpi [17]. Timing of the pathogen-induced t18:0 increase sug-
gests a fast trigger, such as pathogen-associated molecular pat-
terns (PAMPs), while downregulation of t18:0 occurring from
5 hpi was present only in the virulent strain. As the HR occurs in
the avirulent interaction from about 8–12 hpi [28], it could require
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Fig. 2. Time course analysis of free long-chain base (LCB) levels in Arabidopsis thaliana leaves after inﬁltration. Comparison of Col-0 (solid line) and the sphingobase
hydroxylase 1 mutant sbh1-1 (dashed line). Shown is the time-dependent change in the levels of free d18:0 (red) and free t18:0 (blue) after inﬁltration with the avirulent
(avrRpm1) (a) or virulent strain (b) of Pst or after control treatment with 10 mM MgSO4 (c). LCBs were analyzed using UPLC–ESI-MS/MS after single-phase extraction and
levels are given in nmol/g dry weight. Values are means of three biological samples with error bars representing standard deviations.
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Fig. 3. Time course analysis of total LCB levels in Arabidopsis thaliana leaves after inﬁltration. Wild type (a) or sbh1-1 (b) A. thaliana leaves were inﬁltrated with Pst (avrRpm1).
HPLC-ﬂuorescent detection of released LCBs was conducted after strong alkaline hydrolysis and OPA derivatization. Levels of LCBs are given in nmol/g dry weight. Addition of
the respective amounts of the ﬁve LCBs is depicted as ‘total’. Values are means of three biological samples with error bars representing standard deviations.
M. Peer et al. / FEBS Letters 584 (2010) 4053–4056 4055the prolonged elevation of t18:0 which we observed between 5
and 24 hpi. In the virulent interaction elevated t18:0 levels, which
enhance HR, would be suppressed by bacterial effectors, thereby
enabling pathogen spread.
In addition to experiments with P. syringae, we analyzed the
levels of free sphingobases in A. thaliana leaves after inoculation
with the fungal pathogen Sclerotinia sclerotiorum (Supplementary
Fig. 4). 60 hpi a signiﬁcant increase of t18:0 was observed in inoc-
ulated leaves, indicating that also fungal pathogens can trigger ele-
vated levels of free sphingobases in A. thaliana.
If t18:0 functions as a resistance factor, e.g. as positive regulator
of HR, one would expect that sbh1-1mutant lines are more suscep-
tible to virulent Pst infection, as t18:0 levels are reduced (Fig. 2 and
[19]). We addressed this question by inﬁltrating A. thaliana Col-0
and sbh1-1 leaves with virulent as well as avirulent P. syringae
and determined bacterial growth 3 days post inoculation. We did
not observe signiﬁcantly higher bacterial growth in sbh1-1 as com-
pared to wild type plants (data not shown). This lack of susceptibil-
ity of sbh1-1 could indicate that either remaining t18:0 levels in the
mutant could still be sufﬁcient for regulating HR, or that elevated
d18:0 levels in sbh1-1 plants positively inﬂuences resistance to
bacterial infection. The latter could be the case, as both d18:0
and t18:0 were shown to induce ROS and cell death [17]. As re-
duced t18:0 and elevated d18:0 levels cannot be separated in the
sbh1-1 mutant and double mutant lines have severe developmen-
tal phenotypes [19], it is difﬁcult to functionally test the contribu-
tion of endogenously elevated t18:0 to pathogen resistance.
Our second set of experiments was performed to detect whether
the t18:0 increase in response to bacterial inoculation is formed by
de novo synthesis or due to breakdown of complex sphingolipids,
of which a large proportion contains t18:0 [6,38] (see also Fig. 3).Phytosphingosine (t18:0) is formed by hydroxylation from sphinga-
nine (d18:0). In sbh1-1, basal levels of free d18:0 are elevated [19].
We tested sphingolipid levels of sbh1-1 after inoculation with viru-
lent and avirulentPst andobserved that elevation of t18:0 levelswas
abolished. Surprisingly, d18:0 levels increased transiently 2–3-fold
between 2 and 5 hpi (Fig. 2). This response was thereby comparable
in timing andmagnitude to the observed t18:0 increase inwild type
plants. Total content of t18:0 sphingobases, as detected after hydro-
lysis of complex ceramides, was not reduced signiﬁcantly in sbh1-1
(Fig. 3), probablydue to remainingenzymatic activity of SBH2 [19]. If
breakdown of complex, t18:0-containing sphingolipids were in-
volved in the Pst-triggered t18:0 increase, this alteration should also
be detected in sbh1-1 plants. As the t18:0 increase was almost
completely abolished in sbh1-1 plants, and the precursor d18:0
accumulated instead, we conclude that the t18:0 burst in wild type
plants 1–2 hpi is most likely due to de novo synthesis from d18:0
and requires SBH1 activity. Still, breakdown of complex sphingoli-
pids could play a role, e.g. for providing d18:0 prior to t18:0 synthe-
sis. In this scenario, elevated d18:0 levels in sbh1-1 would result
from Pst-triggered breakdown of elevated levels of d18:0-contain-
ing SPLs.
Taken together, we show that the plant free sphingobase phyto-
sphingosine (t18:0) is fast and speciﬁcally upregulated after Pst
infection. Transient increase of t18:0 is prolonged after inoculation
with avirulent pathogens, which corresponds to the cell death
reaction during ETI. Using sphingobase hydroxylase 1 mutant lines,
we provide functional evidence that Pst-induced t18:0 increase is
due to de novo synthesis from d18:0. To our knowledge, it was
not shown previously that plants regulate levels of free sphingo-
bases in response to bacterial pathogens. As t18:0 application
induces ROS production and, subsequently, cell death [17], we
4056 M. Peer et al. / FEBS Letters 584 (2010) 4053–4056suggest that t18:0 is a positive regulator of the hypersensitive re-
sponse during the plants’ pathogen defence response. A further
challenge will be to determine the exact mechanism of plant
sphingolipids and free sphingobases regulating ROS production
and cell death: it is possible that free sphingobases like t18:0 or
d18:0 serve as signal molecules and that receptors exist, which
sense changes in levels of speciﬁc sphingobases. Also, signal-
dependent changes of free sphingobases, as observed in this study,
could lead to changes in speciﬁc complex sphingolipids or in their
phosphorylation levels [16]. Due to the large possible number of
combinations of sphingobases, fatty acids and different head
groups, hundreds of these compounds exist. These complex sphin-
golipids could inﬂuence the formation or composition of mem-
brane-bound protein complexes. This hypothesis is supported by
observations that sphingolipids are enriched in lipid rafts, mem-
brane microdomains in plants which can be isolated as deter-
gent-resistant membranes [39–42]. Lipid rafts are thought to
play a role in the recruitment of molecular components, e.g. trans-
membrane protein complexes involved in generation of ROS or in
other defense signaling processes [41,43]. Beside the requirement
of further improved methods to detect changes of a larger array
of SPL species, including phosphates, glycosylinositolphosphocera-
mides (GIPCs) and glucosylceramides (GlcCers), further studies
should determine if P. syringae inﬁltration can trigger changes in
sphingolipid composition of lipid rafts, and if protein complex
composition in these domains changes accordingly.
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